Increased thermal perceptions that affect comfort are a leading reason for intolerance to wearing respiratory protective equipment. Despite their popularity and use for decades, relatively little is known about the thermal burden imposed by the use of N95 filtering facepiece respirators (FFR) at normal work rates. Twenty healthy subjects exercised at a low-moderate work rate for 1 and 2 h while wearing four models of N95 FFR (two with an exhalation valve) as core and skin temperatures were monitored wirelessly. N95 FFR use resulted in non-significant minimal increases in core temperature and uncovered facial skin (cheek) temperatures. Facial skin temperature under the FFR was significantly increased over baseline values (P < 0.001). Wearing N95 FFR for up to 2 h at a low-moderate work rate does not impose a significant thermal burden on core temperature and uncovered facial skin temperature but significantly increases the temperature of the facial skin that is covered by the FFR. Perceptions of increased body heat when wearing N95 FFR under the test conditions are likely not due to effects on core temperature but may relate more to warming of the facial skin covered by the respirator and warming of the inspired air.
INTRODUCTION
Filtering facepiece respirators (FFR) have become a mainstay for protection of US workers in private industry (U.S. Department of Labor, Bureau of Labor Statistics, 2001 ) and healthcare (Martyny et al., 2002) who require respiratory protection as mandated by Occupational Safety and Health Administration (OSHA) regulations (OSHA, 1998) . FFR are also used by other workers for various tasks (e.g. during remediation efforts following hurricanes, cleanup after oil spills, agricultural work, etc.) and by some members of the public during infectious disease outbreaks (e.g. pandemic influenza, severe acute respiratory syndrome, etc.) or activities related to home repairs and hobbies (e.g. woodworking, etc.). Thus, when taken in the aggregate, N95 FFR are used routinely, or periodically, by millions of individuals. The N95 class of FFR (N95 FFR), that filters out at least 95% of airborne particles .0.3 lm (but is not resistant to oil), is the most common of the seven commercially available types of FFR (CDC, 2009) . As with most personal protective equipment, the use of N95 FFR places variable physiological and psychological burdens upon the wearer (Roberge et al., 2010) . Some of the most common complaints reported by users of N95 FFR relate to perceptions of increased facial and total body heat (Hayashi and Tokura, 2004; Li et al., 2005; Guo et al., 2008; Baig et al., 2010) thought to be brought about by such factors as the additional energy expenditure related to breathing resistance, impairment of respiratory heat loss, interference with facial skin heat convection and evaporation, brain warming, and psychophysiological perceptions. Discomfort related to increased thermal perceptions is a significant reason for non-compliance with appropriate FFR use (Laird et al., 2002; OSHA, 2007; Guo et al., 2008; Radonovich et al., 2009) . This can lead to increased exposure to airborne particulates and pathogens. Despite decades of use, the thermal burden of N95 FFR has received limited scientific investigation (Hayashi and Tokura, 2004; Li et al., 2005; Yip et al., 2005) . The current study, a part of a larger National Institute for Occupational Safety and Health (NIOSH) study examining multiple aspects of respiratory protective equipment use (NIOSH, 2010) and portions of which have been previously reported (Roberge et al., 2011) , evaluated the effects of N95 FFR and N95 FFR with an exhalation valve [N95 FFR/exhalation valve (EV)] on core and skin temperatures.
MATERIALS AND METHODS
Twenty healthy, non-smoking subjects (13 men, 7 women), 11 with no prior experience wearing FFR, were tested over a 3-month period. Mean values for subject demographics (standard deviations) were: age 23.0 years (2.8), height 175.8 cm (9.5), weight 77.6 kg (15.9), and body mass index 25.0 kg m À2 (4.1). Subjects underwent a screening physical examination by a licensed physician, a negative urine test for drugs-of-abuse, and a negative urine pregnancy test (women subjects). The study was approved by the NIOSH Human Subjects Review Board, and all subjects provided oral and written informed consent.
Enrollment in the study required passing a respirator quantitative fit test (OSHA, 1998) for two types (cup shaped, flat fold) each of N95 FFR and N95 FFR/EV (see Table 1 for FFR features). We selected FFR models in which the valve and non-valved models differed only in the presence of the valve. FFR were not pre-conditioned, and testing was carried out in a physiology laboratory during a 3-month period of winter in the northern hemisphere. Subjects were attired in tee shirts, athletic shorts or sports pants, and athletic shoes during treadmill exercise. The laboratory mean environmental conditions during testing were: temperature 21.45°C (0.7), relative humidity (RH) 23.55% (7.9), and barometric pressure [corrected for standard temperature and pressure (0°C, 1 atmosphere)] 738.1 mmHg pressure (5.5). Control exercises (no FFR wear) were nonrandomized and always carried out first, consisting of subjects walking for 1 h on a treadmill at a lowmoderate work rate (5.6 km h À1 ; 0°inclination). During FFR trials, subjects donned one of the four randomly assigned FFR, performed a user seal check (OSHA, 1998) , and walked on a treadmill at the same work rate as the controls continuously for a period of 1 h (20 subjects Â 1 control test and 4 FFR tests 5 100 tests). Three FFR were tested for 1 h and one FFR was randomly assigned to be tested for 2 h to assess the effects (if any) of longer wear time (20 subjects Â 5 tests 5 100 total tests). There was a minimum respite of at least 30 min in the study laboratory between successive tests and subjects were allowed to imbibe cooled (10°C) liquids (bottled water or sports drink) to a maximum of 650 cc between tests. No subject was allowed to exceed 5 h (i.e. 27.35 km) of treadmill exercise in any single day of testing. Twelve subjects completed testing on two consecutive days and eight subjects, due to Determined by direct volumetric measurement (using sand).
2 of 7 R. Roberge, S. Benson and J.-H. Kim conflicting schedules, completed testing in a mean of 21 days (range, 3-52 days). The N95 FFR dead space measurements were conducted by direct volumetric measurement. Core temperature (T co ) was monitored by an ingestible, 8.7 mm diameter � 23 mm length biocompatible JonahÒ temperature capsule (Philips Respironics, Bend, OR, USA) that was swallowed with 50-100 ml of tepid water. Skin temperatures [right cheek region (T cheek ), left perioral cheek region covered by the FFR (T cheekFFR ), left epigastric abdominal region (T abdomen )] were monitored with Vital SenseÒ hypoallergenic, 57.2 mm diameter � 5.3 mm thickness water-resistant, disposable wireless dermal sensors (Philips Respironics). T co and skin temperatures were measured every 15 s, from which 1 min averages were automatically computed and downloaded to the belt-mounted data logger/monitor. Both the core temperature capsule and skin sensor have a manufacturer-stated accuracy of -0.1°C at 32-42°C that has been demonstrated in physiological studies (McKenzie and Osgood, 2004; Savastano et al., 2009) . The left perioral skin sensor was completely covered by the N95 FFR and the right cheek skin sensor was not covered (Fig. 1) .
During treadmill exercise, subjective perceptions of exertion Rating of Perceived Exertion (RPE) were assessed every 5 min using the Borg scale that has ranges of 6-12 ('no exertion' to 'fairly light exertion'), 13-15 ('somewhat hard' to 'hard'), and 17-20 ('very hard' to 'very, very hard') (Borg, 1982) . Heat perceptions were assessed every 5 min with the Frank scale that has ranges from 0 to 4 ('the coldest you have ever been' to 'slightly cold'), 5 ('neither hot nor cold'), and 6 to 10 ('slightly hot' to 'the hottest you have ever been') (Frank et al., 1999) .
Statistical analysis
The dependent variables (T co , T cheek , T cheekFFR , T abdomen ) were first calculated as means and standard deviations in 5 min time intervals for each individual subject across four experimental conditions. For the analysis of 1-h trials, the variables were analyzed by a two-way repeated measures analysis of variance (time � type) to determine main effect and interactions, with the Greenhouse-Geisser correction for sphericity to designate a level of significance. For a significant F-ratio obtained from repeated measures, post-hoc pair-wise comparison was then performed with the least significant difference adjustment. Any single missing data points were accounted for by taking the mean value of the data measurement reported immediately before and immediately after the missing data point. For the comparison of temperature responses between 1-and 2-h trials, independent samples t-tests were carried out to compare the variables at the following time points: 0, 60, and 60 versus 120 min. In this analysis, trial conditions were rearranged as respirator without exhalation valve (Moldex 2200 þ 3M 9210) and with exhalation valve (Moldex 2300 þ 3M 9211). Levene's test was also performed to confirm the assumption on equal variances in the two trial conditions for the t-test. Subjective responses to exertion and heat were analyzed by paired t-tests. A statistical significance was accepted when P , 0.05 and all analyses were performed using a statistical software package (SPSS v18; IBM, Somers, NY, USA).
RESULTS
All 20 subjects completed all phases of the study, but equipment malfunction resulted in the loss of T co and T abdomen of one subject and loss of T cheek and T cheekFFR of two subjects. The mean time from core temperature pill ingestion to the start of data measurement was 392 (475) min. At every 5 min time point over the course of an hour of exercise, means and standard deviations were calculated from 1 min of data for each subject across five experimental conditions (controls and four FFR trials). Control and trials skin and T co data after 1 h are presented in Table 2 . There were no significant differences in control versus trial mean T co , but T co increased as a function of time (F 5 165.90; P , 0.01). The type of FFR had no significant effect on T co (F 5 1.297; P 5 0.29) nor did the interaction of FFR type and time (F 5 1.145, P 5 0.24). Similarly, there was not a significant difference in T cheek at baseline among trials, but T cheek increased as a function of time (F 5 37.842, P , 0.01). The type of FFR had no significant effect on T cheek (F 5 1.473, P 5 0.24) and neither did the interaction of FFR type and time (F 5 0.713, P 5 0.63). T abdomen was significantly different across FFR.
Thermal burden of N95 FFR 3 of 7 control and trial conditions (F 5 2.646, P 5 0.047). There were no significant differences in initial T cheekFFR between test conditions (P 5 0.482), but the T cheekFFR was significantly different between FFR types (F 5 24.356, P , 0.01) (Table 2 ) and the temperature increased as a function of time (F 5 94.738, P , 0.01). In addition, the interaction between FFR type and time for the T cheekFFR was also significant (F 5 3.108, P 5 0.02). There were no significant differences in 1 and 2 h temperatures for any temperature sensor location (Table 3 ). Mean RPE scores over 1 h were not significantly greater than controls (9.6 -1.5) for the 3M 9211 (RPE 9.9 -1.4; P 5 0.13) but were significantly higher for the Moldex 2200 (RPE 10.4 -1.4; P 5 0.009). Moldex 2300 (RPE 10.6 -1.5; P 5 0.01), and 3M 9210 (RPE 10.6 -1.3; P 5 0.0008) FFR. Mean Rating of Heat Perception (RHP) scores over 1 h were not significantly greater than controls (5.51 -0.42) for the 3M 9211 (RHP 5.79 -0.59; P 5 0.34) but were significantly higher for the Moldex 2200 (RHP 6.02 -0.47; P 5 0.003), Moldex 2300 (RHP 6.01 -0.45; P 5 0.01), and 3M 9210 (RHP 6.08 -0.61; P 5 0.009) FFR.
DISCUSSION
The current study has demonstrated that wearing an N95 FFR or N95 FFR/EV for 1 or 2 h, at a low-moderate work rate consistent with that of most current workers (Meyer et al., 1997; Harber et al., 2009) , results in only minor increases in mean T co (�0.12°C). Although this increase in T co is considerably lower than rectal temperatures reported in a previous study comparing N95 FFR and N95 FFR/EV (Hayashi and Tokura, 2004) , those subjects were wearing low permeability protective clothing (Gore-Tex) with long sleeves and trousers and were exercising in warmer ambient conditions (28°C, 60% RH) than the current study. A study of healthcare workers, whose temperature was measured before and after 30 min of wearing N95 FFR while performing normal professional duties, reported increases over control temperatures of 0.27 and 0.03°C, respectively, for Values are presented as mean (SD). Statistical results were based on equal variances assumed and Levene's test for equality of variances for independent samples was not significant (P . 0.05). (Yip et al., 2005) . One previous report (with subjects not wearing facemasks), comparing T co after 1 h of rest with 1 h of exercise at a low work rate (O'Connor et al., 1998) , reported a mean difference of 0.10°C, and another study (Lee et al., 2000) reported a mean difference of only 0.18°C between T co taken after 20 min of supine rest compared with 20 min of supine exercise at 40% VO 2 max . These T co data of subjects not wearing FFR are similar to those of the current study and suggest that the increase in T co in our study subjects may be primarily due to exercise and not to the wearing of an FFR. A minimally significant effect (P 5 0.047) of FFR on increasing the T abdomen was attained in the present study. However, the control group showed considerably greater variability in baseline T abdomen that may have accounted for this finding. When the control condition was removed from the analysis, the baseline (time 0) T abdomen across respirator trial conditions were not significantly different from one another (F 5 1.376, P 5 0.265). Prior studies (Martin and Callaway, 1974; Caretti, 2002) , with harsher conditions than the current study (i.e. subjects wearing protective clothing and impermeable, full facepiece, negative pressure air-purifying respirators), have failed to show an impact on T abdomen and mean weighted skin temperatures. Similarly, Guo et al. (2008) reported chest wall skin temperatures of subjects wearing FFR with EV while exercising that were similar to the current study's T abdomen . Li et al. (2005) reported no significant difference in chest microclimate temperature measured by chest wall skin sensor in subjects wearing N95 FFR, and Hayashi and Tokura (2004) noted no significant differences between N95 FFR and N95 FFR/EV for effects on skin temperatures (chest, upper arms, thigh, and leg).
T cheek while wearing an FFR was not significantly different from control values, similar to that noted in a previous study (Laird et al., 2002) . Skin temperature is dependent upon the temperature and humidity of the surrounding air (Nielsen et al., 1987) which, in the current study, was temperate (i.e. 21.45 -0.78°C, RH 23.55 -7.96%). As previously reported with data from the current study (Roberge et al., 2011) , the 1 h mean FFR dead space relative humidity (RH micro ) and air temperature (T micro ) measured by an I-ButtonÒ (I-Button, Dallas, TX, USA) wireless sensor (Fig. 2) were, respectively: Moldex 2200 89.57% (9.67)/33.40°C (1.13); Moldex 2300 89.21% (6.53)/32.92°C (1.18); 3M 9210 91.99% (7.68)/33.84°C (0.86); and 3M 9211 86.96% (10.41)/32.70°C (0.99) with no significant difference in RH micro between models at 1h and at 1 versus 2 h. Mean T micro at 1 h was significantly lower for N95 FFR/EV compared with N95 FFR [Moldex 2300 versus Moldex 2200 (P 5 0.04), 3M 9211 versus 3M 9210 (P , 0.0001), and Moldex 2300 versus 3M 9210 (P 5 0.02)] (Roberge et al., 2011) . Thus, the T micro and RH micro were considerably higher than concurrent ambient levels, leading to significantly greater T cheekFFR (P , 0.001) that was impacted by the type of FFR (P , 0.01) ( Table 2 ). Other studies have also reported increases in T cheekFFR underneath N95 FFR and N95 FFR/EV (Hayashi and Tokura, 2004; Li et al., 2005) . The 'apparent heat index' of the dead space of respiratory protective equipment, a composite effect of T micro and RH micro (Enerson et al., 1967) , is the temperature sensed by that portion of the face covered by the FFR. The T micro and RH micro levels attained in the current study (33°C, 90% RH), exposed the T cheekFFR to a dead space apparent heat index of 54°C. This warm FFR dead space climate, coupled with the interference in facial skin heat loss through convection and evaporation due to the barrier effect of the FFR, conspires to make the FFR dead space microenvironment less hospitable to the wearer and results in T cheekFFR increases.
Increased thermal sensations are a leading cause of intolerance to the wearing of N95 FFR (Radonovich et al., 2009) . Our findings indicate that, over 1 and 2 h of wear at the work rate employed in the current study, N95 FFR and N95 FFR/EV do not impose a significant burden on T co and T cheek . Conversely, there is a significant (P , 0.001) effect on raising the temperature of T cheekFFR . There has been speculation that T cheekFFR is especially thermosensitive (Laird et al., 1999) , possibly due to higher facial thermoreceptor density as has been demonstrated in animals (Cheung, Thermal burden of N95 FFR 813 2010), such that afferent input from this region may have a greater impact on brain thermal perceptions than other skin regions (Nielsen et al., 1987) or that inhalation of warmed FFR dead space air may result in warming of the brain (Nielsen et al., 1987; Gwosdow et al., 1989) . With the exception of the 3M 9211, wearing FFR resulted in statistically greater subjective perceptions of exertion, but control and FFR scores ranged from 9.6 to 10.6, indicating only 'fairly light exertion' for all conditions. Similarly, FFR use resulted in statistically greater subjective perceptions of heat, but control and FFR scores ranged from 5.7 to 6.0, indicating neutral to 'slightly hot' perceptions. Thus, at the low-moderate work rate of the current study over the course of 1 h, the impact of FFRs on perceptions of exertion and heat are statistically significant for three of four tested FFRs but quantitatively of minor impact.
Limitations of the current study include the number of subjects (n 5 20) studied, but in the aggregate, 100 tests were completed. The small number of subjects in the 3M 9211 group for the 2-h analysis occurred through random assignment but makes the statistical analysis of the 2-h data somewhat less robust. Use of Levene's test has helped to modify the impact of the smaller numbers in that group. Walking 20þ km day �1 is not common in the general population, but none of the subjects was specially trained for distance walking and this was therefore unlikely to have impacted test results. We only studied four FFR models from two manufacturers and did not evaluate other FFR styles (e.g. duckbill, pleated, etc.) so that our findings may not be generalizable to other FFR styles and manufacturers. Although the dermal sensors could have had an insulating effect upon the underlying facial skin, T cheek values in the current study were similar to those noted for similarly aged subjects not wearing these dermal sensors (Marrakchi and Maibach, 2007) . Testing was conducted in a temperate environment and, therefore, we cannot comment on the thermal impact of FFR at extreme ambient environments. Our subjects sipped up to 650 ml of water after exercise tests and recent studies by Wilkinson et al. (2008) and Engels et al. (2009) have reported that bolus ingestion (250 ml and 500 ml, respectively) of cool (5-8°C) water can affect core pill temperature measurement in a minority of subjects up to 9 h after core temperature pill ingestion that gradually (approximately 30-40 min) returns to baseline. However, our subjects did not receive bolus fluids but rather sipped slightly warmer fluids (i.e. 10°C) over �30 min and we did not note any temperature fluctuations. There was significant variability in the ingestion times of the core temperature pill; however, this did not result in any variability in data.
CONCLUSION
The wearing of N95 FFR and N95 FFR/EV at a low-moderate work rate over the course of 1 and 2 h did not have a significant impact on T co and T cheek . A minor statistically significant (P 5 0.047) increase in T abdomen when wearing an FFR was observed but may reflect greater variability in control values. T cheekFFR was significantly warmer than T cheek , a result of the increased T micro and RH micro that combine to elevate the dead space microenvironment 'apparent heat index'. Whole body heat perceptions leading to intolerance to FFR are likely not a consequence of increases in T co or T cheek . Amelioration of N95 FFR-associated heat intolerance may need additional focus on neurosensory responses consequent to related warming of inhaled air and T cheekFFR .
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